We describe an adaptation and modification of the enzyme-labeled immunosorbent assay (ELISA),which yields information on the quantity and distribution of surface antigens on erythrocytes. The distribution assay, named "ELADA"
the distribution of erythrocyte antigens is random by examining the ELADA-stained cells with a scanning electron microscope. Combining the quantitative ELISAwith measurements of cell numbers makes it possible to estimate the number of antibody molecules-and thus the number of antigenic sites per cell. By using various modified antisera, substituted naphthol phosphates with higher avidities, and reaction conditions designed to optimize the kinetic reactions, we have been able to resolve the enzyme product deposited on the antigenic site to within 20 nm. It is not always possible to decide whether each deposit represents a cluster of antigenic determinants or a single determinant; however, if the number of antibody sites is known from ELISA quantitation, information about the number of antibody sites per deposit can be ascertained. 
histochemistry
The human erythrocyte is an excellent model to use in studying the quantity and distributionof surface antigens because itisreadilyavailable and because the immunogenicity and location of these antigenic determinants are retained during fixation (1) . The distribution of some of these surface antigens appears random when examined with the transmission electron microscope (2) . In our first study (3), we compared results by quantitative enzyme-linked immunosorbent assay (ELISA) (4) for the measurement of totalantigen on erythrocytes with the number of sitesseen by scanning electron microscopy (4). 3 We showed that the D antigen was showed that the mobility of antigens during hemagglutination could be monitored by examining erythrocytes fixed with glutaraldehyde at various stages of incubation (6) . To make visible the distribution of antigenic sites of the cells, we used an alkaline phosphatase-antibody complex to hydrolyze the substrate, a-naphthol phosphate, to a product that would react with the diazonium salt Fast Blue RR to form an insoluble product at the site of hydrolysis. This technique was adequate for initial studies of gross differences between antigenic sites, but we thought we could improve the resolution of the antigen on the cell surface even more, and so we systematically examined factors that affect the size and localization of the dye product, our ultimate goal being to resolve individualantigenicsites.
Here we describe ourapproach to improvingthe resolution obtained with the enzyme-linked antigen distribution assay (ELADA) technique. It included (a) analysis of a series of substituted naphthol AS phosphate dyes with high substantivity[definedas the amount of naphthol adsorbed from solution onto a material (7)], to establish which of these did not diffuse from the enzyme site before the azo dye was formed; (b) the use of a lower PH; and (c) a shorter incubation interval, to produce smaller, more uniform deposits.
Materials and Methods
Fresh erythrocytes from adult humans were collected in EDTA solution,washed thricein isotonicsalineto remove plasma and buffy coat, then fixed for 30 mm in 2.5 g of glutaraldehyde per liter of phosphate-buffered isotonic saline, 10 mmolfL, pH 7.2. After fixation, the excess glutaraldehyde was removed by washing the fixed cells three times in 50 mmolIL glycine solution. These cells can be storedforat least a year without loss of immunogenicity. We used as the primary antibody a 1000-fold dilution of rabbit antiserum to human erythrocyte membrane (anti-EM; DAKO-Immunoglobulins, Ltd., Copenhagen, Denmark), directed to 19 different human erythrocyte surface antigens (4). We incubated 40 iL of erythrocytes for 30 min in 1 mL of phosphate-buffered saline containing the primary antisera, then washed the cells three times with phosphate-buffered saline and resuspended them in 1 mL of phosphate-buffered saline containing a 1000-fold dilution of alkaline phosphatase (EC 3.1.3.1) conjugated to goat anti-rabbit IgC (Miles Yeda, Israel). The cells were then washed three times with phosphate-buffered saline and resuspended in 0.2 mL of this buffer; 20-ML aliquots were removed for staining reactions. The control serum was an equivalent dilution of normal rabbit serum (DAKO-Immunoglobulins, Ltd.).
The color reaction was developed by incubation with substrate, 1 and 0.5 g/L solutions of substituted phenols and naphthol: p-nitrophenyl phosphate (NPP), a-naphthol phosphate, 3-hydroxy-2-naphthoic acid 2,4-dimethylanilide (ASMX), 3-hydroxy-2-naphthoi acid 4-chloro-2-methylanilide (ASTR), and 6-bromo-2-hydroxy-3-naphthoic acid 2-methoxyanilide (ASBI) (8) (General Dyestuffs, Los Angeles, CA), 1 g/L. The activity of the free and bound enzymes was measured in a series of 0.1 mol/L buffers with pHs ranging from 6 to 11: acetate, barbital, propanediol, and 2-amino.2-methyl-1-propanol. The test-tube color reaction was developed by incubating erythrocyte suspensions either in buffers containing a substituted phenol or in a mixture of substituted naphthol AS and diazonium salt. The reaction with NPP was stopped after 5 mm by adding 2 mL of 1 mol/L NaOH. The resulting color was measured with a spectrophotometer at 400 nm. The glutaraldehyde-fixed cells incubated with naphthol AS phosphate, ASMX, ASTR, and ASBI were stained 5, 10,or 20 mm, then washed quickly three times with small volumes of distilled water and applied in a thin smear onto glass microscope slides. For viewing with the light microscope, we cover-slipped these smears and examined them at 40X magnification. For scanning electron microscopy, we coated the glutaraldehyde-fixed, antibody-enzyme-coated, stained cells with 10 nm of gold by using a sputter coater. The cells were examined at 15 kV. We 12 did not dry specimens to the critical point. Nonspecific staining of cells can result from inadequate washing or excessive amounts of unreacted diazonium salt, which leads to large, amorphous deposits. Nonspecific staining also occurs if sodium azide is added as a preservative to the buffer; the azideapparently reacts with diazonium salt to form a chromophore with an absorption maximum at 480 nm
As an alternative method of quantifying the enzyme activity, we used the MCA III (Instrumentation Laboratory, Lexington, MA 02173).
We preincubated 5 zL of cells for 5 mm at 30 #{176}C with 150 iL of buffered NPP substrate and monitored the absorbance change at 405 nm per minute for 12 mm. The light path was 0.5 cm. Steady-state kinetics were attained with 1000-to 2000-fold dilutions of the second antibody. 
Results
The first series of experiments was designed to establish the optimum pH for activity of the alkaline phoephatase conjugate as compared with that for the free enzyme. Figure 1 shows that the maximum color is obtained with NPP for both the bound and free alkaline phosphatase between pH 9 and 10.
A second series of experiments involved NPP and several substituted a-naphthol AS derivatives, the purpose being to see which ones showed the greatest degree of substantivity. Substantivity was scored as 1+ to 4+ by the intensity of colored product deposited on fixed erythrocytes, as viewed with the scanning electron microscope. The results (Table 1 and Figure 2) show the differences between the phenols and the naphthols. Notice that cells incubated with NPP were not covered by surface product when reacted with Fast Blue RR (Figure 2A) . The naphthol ASBI was unusual because the product was not localized ( Figure 2D ). a-Naphthol phosphate, ASMX, and ASTR all showed large amounts of product over the entire cell ( Figures 2B, 2C, 2E) . By light-microscopic criteria, the ASMX appeared to produce both maximum color and a homogeneous stain. Figure 2E shows that a less-concentrated dye product was needed for optimum resolution of stained antigen sites. We chose to change the pH of the reaction to decrease the rate of formation. The pH profile for the deposition of the dye was ascertained by scanning electron microscopy. As can be seen from the series of photomicrographs in Figure 3 , staining was optimal at pH 8.1. At pH 8.8 to 9.9, there was too much staining, resulting in convergence of product. At lower pH values, the reaction was too slow to be useful.
In a similar series of experiments, we examined the optimum reaction interval and dilution of substrate for maximum The alkaline phosphatase used as the detector in the FLADA or ELISA assay was resistant to common fixing agents, whether the enzyme was free in solution or bound to the cell in the form of an antibody-enzyme complex. The data in Table 2 show the relative activities of the enzyme after various treatments: glutaraldehyde, formaldehyde, buffered formaldehyde, acetone, cold acetone, ethanol, or freezing. In general, more than 80% of original enzymic activity was retained with any of these procedures.
Calculations. One potentially important use of the technique is that it allows both a visual and a chemical estimate of the number of antigenic sites. The visual estimate is obtained from the above resolution of definition through carefully controlled deposition of substrate. By simple calculations based on specific activities and knowledge of all numbers
For the erythrocyte membrane antigen, 5 L of a 500-fold dilution of an original solution of 5 X 10 erythrocytes was reacted with anti-D antibody and the alkaline phosphatase enzyme-antibody conjugate to give readings of 0.013 A/mm. The comparable enzyme-antibody conjugate containing 0.1 mg of enzyme and 0.2 mg of antibody (1:1 ratio) gave an absorbance reading of 0.02 A/mm when a 1000-fold dilution was used.
The number of erythrocytesin the 50 iL of 500-fold dilutioncan be calculatedas 5 X 108 [from (5/1000) X (2/1000) X 5 x 108]. The amount of enzyme (and therefore of antibody) can be calculated from the amount of change in absorbance of the cell suspension, given the activity of the conjugate (to establish the molar specific activity), and assuming a relative molecular mass of 84 000 for the enzyme.
Thus the amount of enzyme giving an absorbance change of 0.02was (0.1/84 000) X (5/1000) X (1/1000) = 6 X 10 mol, or (from Avogadro's number) 36 X 108 molecules. For 0.013 A thisbecomes 20 X 108 molecules of enzyme and therefore of antibody. Becausethenumber of cells involved was 5 X 10, about 4 X 108 antibody molecules were bound per cell.
This value is about four-to 10-fold lower than expected, based upon the difference expected between the D-antigen binding and this antibody. Reasons for this difference might include steric hindrance of the enzyme reaction or possible inaccuracies of measurement of the true specific enzyme activity of the conjugate. Experiments are underway that are intended to quantify more carefully this part of the ELADA technique, with use of more-quantitatively prepared conjugates.
Discussion
Erythrocyte surface antigens can be readilylocalizedin scanning electron microscopy by using antibody-coated latex beads (9) or by enzyme-linked antibodies (4) . The problem of definition and resolution of these antigenic sites is a function of the size of the latex bead or, in the case of enzyme labeling, a function of the concentration and substantivity of the substrate, as well as the pH and duration of the enzyme reaction. The convenience of the enzyme-linked antibody system and its ability to quantify the reaction make it a preferred method. Using enzyme-labeled antibody, one can observe two aspects of the reaction, whereas other techniques are limited to morphological analysis only. We have previously shown that the number of antigens on the erythrocytes could be readily quantified and their distribution determined. The modification reported here shows that the former resolution can be improved. To achieve maximum resolution, we found that, in general, a substrate with high substantivity must be
Free enzyme
Bound enzyme 100 100 chosen. Also, the enzyme product must not diffuse from the enzyme site before it iscaptured by the diazonium ion to form the insoluble azo dye. The reaction must contain limited concentrations of substrate so that confluence of the product does not obscure individual antigenic determinants. We have achieved a resolution of the 20-30 nm by selecting a substrate with excellent substantivity properties (ASMX) and by limiting the amount of product formed by incubating at low substrate concentration at pH 8.1 for 5 mm.
With the ELADA technique, enzyme is immobilized on a surface. Although this is not identical to enzyme bound in situ, it may serve asa model to establish whether properties of the bound enzyme differ substantially from those of the purified enzyme. This is of importance in histochemistry, where it is sometimes necessary to use properties of isolated (unbound) enzymes as references for immobilized (bound) enzymes in cells and tissues (10) . The data given in Figure 1 support the concept that there have been no changes between the relationships of activity vs pH for the free and bound alkaline phosphatase. In addition,in Table 2 we have shown that the effect of various fixatives on the free and bound enzyme can be quantitatively tested. Such experiments can be extended to other enzymes of interest to the histochemist.
The major advantage of the double-substrate assay presented here is that the choice of substrate used determines the results. For example, if the soluble substrate NPP is used, the product, p-nitrophenol, can be quantified either routinely or with the use of a centrifugal analyzer, and the total number of antigen sites can be estimated by Scatchard analysis. With an "insoluble" substrate, such as ASMX phosphate and Fast Blue RR, an azo dye is produced. When the cells stained by this chromogen are made visible with the light microscope or the scanning electron microscope, the distribution of the surface antigens on the surface can be determined.
One of the "insoluble" naphthol substrates, ASBI phosphate, may be useful in a single-step assessment of the quantity and the distribution of surface antigen. The product from the hydrolysis is known to be fluorescent. Preliminary studies confirm that this product has sufficient substantivity to adhere to the surface of the enzyme-coated cells, to be viewed with the fluorescent microscope, and to be quantified with the cytofluorograph (Ortho Diagnostics, Raritan, NJ 08869). We are evaluating other compounds with similar properties.
